We reexamine the terminal speed of a moving stratus irradiated by an infinite flat source, considering relativistic radiative transfer in the stratus. For the case of a particle, V. Icke (1989, A&A, 216, 294) analytically derived the terminal speed of (4 − √ 7)c/3 ∼ 0.45 c, whereas the terminal speed of a stratus with finite optical depth is calculated under the Eddington approximation (J. Fukue, 2014, PASJ, 66, 13), and becomes larger up to 0.7 c in the optically thin limit. In this paper, we numerically calculate radiative transfer in the stratus without the Eddington approximation, and obtain the terminal speed. In the optically thick limit the terminal speed approaches 0.47 c. In the optically thin limit, in contrast to the previous analytical study, it becomes small as the optical depth decreases, and approaches 0.26 c. This is due to the anisotropic effect of the radiation field in the optically thin regime.
Intoduction
In various active astrophysical phenomena, including quasars and active galaxies, X-ray stars, cataclysmic variables, and protostars, accretion disks are believed to play dominant roles (Kato et al. 2008) . Surrounding accretion disks, there exist various gaseous components in the form of clouds and cloudlets.
In the radiative environment around luminous objects, such as active galactic nuclei (AGNs), these gaseous components suffer from the strong radiative force, and sometimes have a high speed of tens of percent of the speed of light. For example, broad absorption line (BAL) quasars and ultra-fast outflow (UFO) objects have been detected to show blue-shifted absorption lines. BAL quasars have broad lines such as CIV (e.g., Mathur et al. 1995; Jannuzi et al. 1996; Arav et al. 1999) , whereas UFOs have lines of Fe XXV and Fe XXVI (e.g., Tombesi et al. 2011 Tombesi et al. , 2014 . These lines are commonly attributed to material flowing out from the central accretion disk, and are supposed to be produced by the surrounding clouds and cloudlets. PG 1211+143 is one of the brightest AGNs, and was classified as a narrow-line Seyfert 1 galaxy (Kaspi et al. 2000) with black hole mass ∼4 × 10 7 M and bolometric luminosity 4 × 10 45 erg s −1 , which is close to the Eddington limit. For this UFO object, Kallman et al. (1996) gave a column density of 3.2 × 10 23 cm −2 (Thomson scattering optical depth is ∼0.2) for outflow with velocity ∼0.15 c. The mass outflow rate was estimated as ∼2.5 M yr −1 (Pounds & Reeves 2009 ). These clouds and cloudlets can possibly be formed in the accretion disk winds as a detached fragment. Behar (2009) investigated the density profiles in Seyfert outflows in the two separate cases of small clumpy clouds and largescale continuous flow. In the case of small clouds, local strong density gradients occur. In the case of large-scale flow, the density gradient is smaller than that of massconserving radial flow. It is expected that a real outflow could be a combination of small clouds and continuous flow. Under these circumstances, the radiatively driven wind from luminous accretion disks has been investigated by many researchers using particle calculations (Icke 1980; Tajima & Fukue 1996 , 1998 , stratus calculation with finite optical depth (Nakai & Fukue 2015) , or hydrodynamical simulations (Chelouche & Netzer 2001; Ohsuga et al. 2005 Ohsuga et al. , 2009 Takeuchi et al. 2013 ; see also Xie & Yuan 2008; Ohsuga & Mineshige 2014; Yuan & Narayan 2014 for reviews and relevant topics). In the radiatively driven wind, the radiation drag force becomes important in the relativistic regime (Phinney 1987) .
The gaseous clouds receive the strong radiative force from the luminous central engine, and would be accelerated up to the relativistic regime. The moving cloud receives the radiative force on the front side by aberrated photons that decelerate the cloud, as well as those on the back side. Thus, the cloud has terminal speed, where the radiative force by the photons that are incident on the cloud from the back side balances those by the aberrated photons that are incident on the cloud from the front side. Icke (1989) first examined the radiative force and radiation drag force exerted on the particles moving in the intense radiation field for various situations and configurations of sources. He found that the particles accelerated by the radiative force have a magical terminal speed. The terminal speed of the particles above an infinite flat source was analytically derived to be (4 − √ 7)c/3 ∼ 0.45 c. At this terminal speed, the force by the photons that would accelerate the particle from behind balances the force by the aberrated photons that would decelerate the particle from the front. In relativistic jets and accretion disk winds the radiation drag due to aberrated photons is very important.
In the actual situation, the gas accelerated by the radiative force should be treated as gaseous material with finite optical depth. In such a case, it is necessary to consider the radiative transfer effects including scattering, absorption, emission, and transmission in the cloud. For example, some photons are absorbed and scattered in the clouds, and can give momentum to the cloud. Some photons escaping from the upper side decelerate clouds, while those escaping from the lower side accelerate clouds. Finally, some photons transit the gaseous cloud without any interaction with the cloud matter, and not all photons can contribute to the acceleration of the cloud.
Hence, the terminal speed of gaseous clouds under the radiative environments surrounding luminous sources should be carefully treated, considering radiative transfer in the clouds. The terminal speed of a translucent flat stratus using radiative transfer was analytically examined under the Eddington approximation (Fukue 2014) . When the optical depth is sufficiently large, the terminal speed of the stratus corresponds to that of the particle. On the other hand, the terminal speed increases with decreasing optical depth and reaches ∼0.7 c in the limit of small optical depth.
As is well known, however, when the optical depth is of the order of unity or less, the Eddington approximation used in Fukue (2014) is violated, since the radiation field becomes anisotropic. Recently, for instance, Fukue (2015b) reexamined the Eddington limit for a stratus with finite optical depth around a spherical source, and found that the classical Eddington limit is drastically changed.
Thus, in this paper, we reexamine the terminal speed of the gaseous stratus with finite optical depth moving above a luminous flat source, by numerically solving the radiative transfer equation in the stratus to directly obtain the fluxes without the Eddington approximation.
In the next section the basic equations are described. In section 3 the terminal speed under the present situation is shown and discussed. The final section is devoted to the concluding remarks.
Basic equations
In the present work, we assume the following situations for strati moving in an active galactic nucleus or another radiative environment (figure 1): (i) The stratus is made of ionized hydrogen. (ii) Its shape is sheet-like and treated as planeparallel layers. (iii) The optical depth of the stratus in the vertical direction is finite, τ c . (iv) The stratus is moving at 
There is no emission or absorption in the stratus, only scattering. (vi) At the lower side there exists a luminous flat source extending infinitely with uniform isotropic intensity I * , while at the upper side there is no illuminating source. (vii) For simplicity, scattering is assumed to be isotropic. Under these situations, we examine the radiative transfer problem in such a floating stratus (see Fukue 2011 Fukue , 2012 Fukue , 2015a . The basic equations for radiative transfer have previously been presented by several authors (e.g., Chandrasekhar 1960; Mihalas 1970; Rybicki & Lightman 1979; Mihalas & Mihalas 1984; Kato et al. 2008) . For the planeparallel geometry in the vertical direction (z), the frequencyintegrated radiative transfer equation in the comoving frame (subscript 0) in the moving stratus becomes
where γ (= 1/ 1 − β 2 ) is the Lorentz factor, μ 0 the direction cosine (= cos θ 0 ), I 0 the specific intensity, ρ 0 the gas density, j 0 the emissivity, κ 0 the absorption opacity, σ 0 the scattering opacity, and J 0 the mean intensity in the comoving frame. As was stated, we assume isotropic scattering.
Introducing the optical depth, defined by
we rewrite the radiative transfer equation in the following form:
where S 0 is the source function in the comoving frame:
In the present problem, a moving sheet-like stratus has the finite total optical depth of
where H is the geometrical thickness of the stratus. Between the inertial and comoving frames, the frequency ν and the photon direction θ are converted as follows due to Doppler and aberration effects:
When the stratus is illuminated by incident radiation with uniform intensity I * in the inertial frame, the arrival radiation received at its lower side is Doppler shifted and aberrated; the transformation of the frequency-integrated intensities between the comoving and inertial frames is written as (e.g., Hsieh & Spiegel 1976 )
in the range of μ 0 > 0 (μ > β). Moreover, if there are aberrated photons at the upper side, the upper side also receives the aberrated intensity
in the range of −β < μ 0 < 0 (0 < μ < β). Taking these situations into consideration, we impose the boundary conditions at both sides (Fukue 2000 (Fukue , 2014 .
As is well known, the formal solutions of equation (3) are
where S 0 = J 0 , since we assume the pure scattering case. It should be noted that the first terms on the right-hand sides of equations (10) and (11) exist in some limited ranges of μ 0 . We calculated these formal solutions (10) and (11) using iteration. First, by inserting the analytical solution of the mean intensity J 0 under the Eddington approximation into the formal solutions, we numerically obtain the specific intensity I ± 0 (τ, μ 0 ). Then, we calculate the renewed mean intensity by the definition. We again insert the renewed mean intensity into the formal solutions to yield the specific intensity. We repeat these processes to converge the solutions.
By considering various fluxes giving or taking momentum to or from the stratus (figure 2), the net radiative flux in the comoving frame on the stratus is expressed as
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Similarly, the radiative external flux from the upper side becomes
It should be noted that the magical speed derived by Icke (1989) is given by equating equations (13) and (14):
On the other hand, the emergent Eddington fluxes from the lower and upper sides should be calculated using the numerical solution of the radiative transfer equation in the stratus as 
Finally, for a given optical depth τ c , we calculate the net radiative force for various speeds β, and we determine the terminal speed under the condition that the net radiative force in the comoving frame vanishes.
Terminal speed
In figure 3 the terminal speed obtained in the present treatment is shown as a function of the optical depth of the stratus. As is seen in figure 3 , the terminal speed approaches 0.47 c as the optical depth of the stratus increases. This value corresponds to that of the analytical solution in the previous studies (Icke 1989; Fukue 2014) . However, on the contrary to the analytical case for the stratus under the Eddington approximation (Fukue 2014) , where the terminal speed becomes larger up to 0.7 c in the optically thin limit, it becomes small as the optical depth decreases, down to 0.26 c in the optically thin limit.
This discrepancy between the present numerical calculation and the previous analytical solution is due to the anisotropic nature of the radiation field. As is well known, the Eddington approximation becomes worse in the optically thin regime, since the radiation field becomes slightly anisotropic. That is, when the optical depth of clouds is of the order of unity or less, we should carefully treat and calculate the radiation field in the stratus in order to obtain the precise result. In figure 6a the present numerical case is shown, whereas the previous analytical case by Fukue (2014) is shown in figure 6b . In figure 6 , the speed β at the point of intersection between each curve and solid line, where the net radiative flux vanishes, is the terminal one. As is seen in figure 6 , in both numerical and analytical cases the net radiative flux decreases as the speed increases. On the other hand, in the numerical case it decreases with decreasing optical depth at the intersection, whereas it increases in the analytical case. 
Discussion
In the previous section, we have obtained the terminal speed of the stratus. We briefly discuss its geometry and maintenance.
In the present calculation, when the Thomson scattering is dominated, the column density of the stratus is about ∼ τ c /κ es , where κ es is the electron-scattering opacity. If the geometrical thickness of the stratus is of the order of the Schwarzschild radius r g (≡ 2GM/c 2 ) of the central black hole with mass M, then the density ρ c of the stratus is estimated as
Under this density and temperature, the stratus has internal pressure, and it is expected that the stratus expands and is diffused over some timescale and will eventually be destroyed. Without the external confinement, the expansion timescale is the dynamical timescale, which is evaluated by the sound speed c s of the stratus medium:
where γ (= 5/3) is the ratio of the specific heats, R the gas constant,μ (= 0.5) the mean molecular weight, and T the temperature of the stratus medium. Since we assumed that the stratus is fully ionized, the temperature T is higher than ∼10 6 K. This sound speed is sufficiently smaller than the terminal speed, unless the temperature is quite high, ∼10 9 K. Hence, if the stratus is quickly accelerated up to the terminal speed, the expansion timescale is smaller than the accelerated timescale, and the stratus would maintain its structure. The maintenance of the cloudlets in the outflow is seen in the numerical simulations (e.g., Takeuchi et al. 2013) .
Concluding remarks
In this paper we reexamined the terminal speed of translucent stratus accelerated by the intense radiation field produced by an infinite flat source under special relativity, by numerically solving the transfer equation in the stratus without the Eddington approximation, which is the only new attempt in the present paper. We found that the terminal speed increases with the optical depth of the stratus, and it approaches 0.47 c in the optically thick limit, while it becomes about 0.26 c in the optically thin limit. This is due to the anisotropic effect of the radiation field in the stratus.
Although in the present case an infinite flat source is assumed, the value of 0.26 c is symbolic. This is just the speed of the astrophysical jets observed in SS 433. In addition, the maximum speed estimated in ultra-fast outflows (UFOs) is also about 0.2 c-0.3 c.
In addition, we assumed that the stratus is made of ionized hydrogen. Hence, our model is automatically consistent with the very high ionization parameter estimated from X-ray spectroscopic observation (cf. Behar 2009). On the other hand, many of the X-ray UFOs are supposed to be optically thin, because of the high ionization parameter (see, e.g., Hagino et al. 2014; Nomura et al. 2016) . However, as Behar (2009) wrote, the outflow could be a combination of small clouds and an (optically thin) continuous flow, and the present model could be applied to the former clouds.
Furthermore, we assumed purely hydrogen gas in order to treat the radiative transfer problem in the stratus. This is the ideal case, and in cosmic plasma under solar abundance it is expected that the gas contains a series of heavier ions, which have larger photo-absorption cross-section than that for hydrogen (e.g., Castor et al. 1975) . In this paper we considered only the effect of the Thomson scattering by the free electron of ionized hydrogen as a basic process. The similar problems under line or free-free absorption are also very interesting and important in the astrophysical context, but beyond the scope of the present paper, and left as future work.
In this paper, we have assumed the purely scattering case. It is straightforward to examine the LTE (local thermodynamic equilibrium) case. Furthermore, we have examined the combination of a flat stratus and infinite flat source. There are various shapes and configurations for cloud and source: e.g., a finite flat disk, conical disk, flaring disk, sphere for the source, while a ball, spheroidal plasmoid, numerous clouds for the cloud.
